Cell Reports

Medicine

Endoscopic healing in pediatric IBD perpetuates a
persistent signature defined by Th17 cells with
molecular and microbial drivers of disease
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® Multiple features with the potential to drive IBD persist
despite endoscopic healing

® These changes vary among patients with IBD but are absent
in non-IBD controls

@ Residual IBD signature reflects persistently disturbed
microbiome-host interaction

@ Individual mucosal microbiota and TCRs can generate
universal IBD mucosal response
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In brief

Persistent inflammation compromises
long-lasting remission in patients with
inflammatory bowel disease (IBD).
Siebert et al. identify a transcriptomic
signature of residual disease in intestinal
biopsies from pediatric patients, even
when endoscopic examinations suggest
mucosal healing. These findings
emphasize the need for more
comprehensive healing beyond
endoscopic appearance.
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SUMMARY

Endoscopic healing (EH) is the major long-term treatment target for inflammatory bowel diseases (IBDs), mainly
achieved by immune-suppressive therapies. However, the chronic and relapsing nature of the disease indi-
cates a lifelong persistence of unknown tissue-associated IBD residues. Based on longitudinally collected
gastrointestinal biopsies (n = 217) from pediatric patients with IBD (N = 32) and pediatric non-IBD controls
(N = 5), we describe cellular, molecular, and microbial drivers of IBD that persist under EH in the terminal ileum
and sigmoid colon. Whole biopsy transcriptomics in combination with single T cell analysis (72,026 cells) char-
acterizes an inflammatory bowel residual disease (IBrD) signature, connecting stress- and inflammation-
related tissue markers (e.g., DUOX2, SAA2, and NOS2) with pathogenic interleukin-17 (IL-17)-producing T help-
er cells. 16S rRNA gene sequencing reveals individual microbial composition with persistently low diversity,
irrespective of disease location and activity. Overall, our study identifies a persisting IBD signature that reflects
ongoing mucosal alterations despite EH. These markers may provide targets for future or sequential therapies.

INTRODUCTION

Inflammatory bowel diseases (IBDs) are chronic, lifelong
disorders of the gastrointestinal tract caused by dysregulated in-
teractions among the host, the intestinal microbiome, and further
environmental factors.”? The disease is mainly classified in one
of its two major forms, Crohn’s disease (CD) or ulcerative colitis
(UC). Despite phenotypic differences, both share common fea-
tures and treatment targets,>® including mucosal healing on
endoscopy (termed endoscopic healing [EH]). It is well estab-
lished that clinical symptoms correlate poorly with endoscopic
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disease activity and that resolution of symptoms alone does
not change IBD progression or cumulative bowel damage.® In
contrast, EH, defined as the absence of ulcerations, can predict
sustained clinical remission and resection-free survival.” It is of
interest whether a more sustained remission, such as molecular
remission, and the identification of EH-associated biomarkers
provide additional benefits to patients with IBD.

Intestinal inflammation arises from dysregulated responses of
tissue-resident immune cells, such as T cells, toward the intesti-
nal microbiome. Microbial organisms and metabolites promote
distinct T cell subsets with specific cytokine profiles and effector
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Figure 1. Cohort description and longitudinal tissue analysis
(A) Study overview (from left to right): patients of the pediatric IBD cohort and non-IBD controls. Paired biopsy sampling from 75 endoscopies (time point baseline
[TgL] = 32; time point follow-up [Tg] Tey = 32, Tgo = 4, Tez = 1, Teg = 1; non-IBD controls = 5). In total, n = 217 biopsies from two sites (terminal ileum, TI; sigmoid
colon, SC) were used for different methods: simultaneous isolation of bacterial DNA and host RNA (n = 135) for 16S rRNA gene amplicon sequencing (after quality
control [QC], n = 135) and bulk RNA sequencing (after QC, n = 127) from single biopsies; single-cell RNA sequencing of live CD45*, CD3* T cells (n = 82). Overview
of biopsy classification according to IBD subtype (CD or UC), location (Tl or SC), and endoscopic activity (active, non-inflamed [defined as “non-inflamed region in
an active disease state”], endoscopic healing [EH], and non-IBD controls). The graphical representation of the intestine and biopsy samples was created with
BioRender.com.

(legend continued on next page)
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functions.® In addition to these environmental cues, T cell differ-
entiation is shaped through their T cell receptors (TCRs), which
discriminate pathogens from commensal intestinal microorgan-
isms and, subsequently, influence T cell characteristics.® Inter-
leukin-17 (IL-17)-producing T cells are an important subtype
of CD4* T helper (Th) cells, responsible for homeostatic immune
responses and conferring protection against bacterial and
fungal infections.'®"" However, in IBD, these cells become path-
ogenic and often produce additional cytokines, such as inter-
feron (IFN)-y or granulocyte-macrophage colony-stimulating
factor (GM-CSF).>'? Over the last two decades, substantial ef-
forts have been made to understand the upstream mechanisms
that promote Th17 generation. These mechanisms include key
cytokines, such as IL-23"%; serum amyloid A (SAA) proteins'*;
and microbes adherent to the epithelium, such as Citrobacter
rodentium, enterohemorrhagic Escherichia coli O157:H7, and
segmented filamentous bacteria (SFB)."* In this process, in-
testinal epithelial cells (IECs) act as a coordinating hub for the
crosstalk between bacteria and immune cells."’

However, despite EH, loss of anti-inflammatory efficacy or
treatment discontinuation often results in relapsing disease
activity,'®"9 suggesting the persistence of molecular or micro-
bial drivers of IBD. Therefore, EH does not equate to full dis-
ease resolution, and additional layers of healing are needed
for prolonged remission. Analysis of residual tissue pathol-
ogies might help to identify persistent pathways, which are
otherwise masked in the complexity of active inflammation.
These pathways may be amenable to novel treatment strate-
gies for maintaining long-term remission or could serve as
biomarkers to determine the depth of remission. Here, we
show that EH is associated with a persistent inflammatory
bowel residual disease (IBrD), which is shared among patients
despite individual mucosa-adherent microbes and patient-
specific TCR repertoires.

RESULTS

IBD-associated features persist despite EH in pediatric
IBD

We prospectively collected 217 biopsies from the terminal ileum
(TI) and sigmoid colon (SC) of 32 pediatric patients with IBD (70
endoscopies) and 5 non-IBD controls (5 endoscopies). The me-
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dian time between consecutive endoscopies was 38 weeks
(range 3-107 weeks). Biopsies of patients with IBD were group-
ed according to endoscopic disease activity into active, EH, and
non-inflamed (the non-inflamed region in an active disease
state). Figure 1A gives an overview about the cohort, study
design, methods, and biopsy samples, including origin and ac-
tivity. Non-IBD controls matched patients with IBD in terms of
age at endoscopy (12.6 + 4.9 years), gender (2 females, 3 males),
and biopsy sites (5/5 Tl, 5/5 SC). Clinical details of patients with
IBD are summarized in Table 1. At baseline (Tg,), 31/32 patients
had active IBD on endoscopy (Figure 1B), involving the SC in all
patients with UC and 16/21 patients with CD. Biopsies from the
inflamed ileum were obtained from 11/21 patients with CD and
3/11 patients with UC (backwash ileitis) (Figure 1A). Among pa-
tients with active IBD, 22/31 patients (16 CD, 6 UC) achieved
EH at the following endoscopy (Tg4) (Figure 1B), of whom one pa-
tient with CD reached EH at a subsequent endoscopy (Tgo).
Ongoing endoscopic activity was found in 9/31 patients at
follow-up endoscopies (Tgq; 3/9>Tgq). One patient with CD
showed EH at Tg, and experienced disease exacerbation within
10 weeks after discontinuing anti-tumor necrosis factor (TNF)
medication. Disease activity scores for IBD (weighted Pediatric
CD Activity Index and Pediatric UC Activity Index, wPCDAI/PU-
CAl) and fecal calprotectin (Fcal) correlated with EH in the major-
ity of patients (Figure 1B). EH in patients with IBD significantly
improved disease activity as well as Fcal in stool and biopsy tis-
sue (S7100A8 and S100A9) without further differences to non-IBD
controls (Figure 1C).

Principal component (PC) analysis (PCA) of bulk transcrip-
tomics data revealed the anatomical region as a major driver
of separation by gene expression (IBD, N = 30; non-IBD con-
trols, N = 5; samples, n = 127, Figure S1A). To establish molec-
ular profiles across anatomical regions in IBD, we corrected for
location and confirmed the absence of CD-, UC-, or treatment-
specific clustering (Figure S1B). However, active samples
partially separated from non-inflamed samples (Figures 1D,
S1A, and S1B).

To identify differentially expressed genes (DEGs) that persist
in whole tissue RNA of EH samples, we compared results
from active vs. non-IBD controls and EH vs. non-IBD controls
and looked for overlapping DEGs, defined as persistent
genes (Figures 1E-1G). Active vs. non-IBD resulted in 1,098

(B) Heatmap showing different characteristics of IBD activity for each patient over time (from left to right): disease activity (WPCDAI and PUCAI), fecal calprotectin
(Fcal), and endoscopic evaluation (Mayo endoscopic subscore or Simple Endoscopic Score for CD [SES-CD]). Dark green: remission by wPCDAI <12.5 points or
PUCAI <10 points, Fcal <250 mg/L. Green: endoscopic healing defined as Mayo endoscopic subscore 0 or SES-CD < 2 without ulcerations. Red: active IBD (not
meeting remission criteria).

(C) Boxplots showing wPCDAI, PUCAI, Fcal, and gene expression levels of S100A8 and S100A9 according to endoscopic activity.

(D) Principal component analysis (PCA, after correction for location, batch, n = 127; patients with IBD, N = 30; non-IBD controls, N = 5) showing distribution of
samples according to gene expression (top 500 most variable genes), labeled with endoscopic activity groups.

(E and F) Identifying up- and down-regulated genes in IBD compared to non-IBD controls. Volcano plots showing differentially expressed genes (DEGs; corrected
for location, batch, age, gender; p.adj <0.05, log, fold change >2.0 or < —2.0) between (E) active (n = 53) vs. non-IBD controls (n = 9) and (F) EH (n = 41) versus
non-IBD controls.

(G) Top 30 persistent DEGs shared between (E) and (F) as barplots, showing log, fold changes of active (red) and EH (green) in comparison to non-IBD controls.
These genes were significantly differentially expressed in active IBD compared to non-IBD controls and remained differentially expressed in EH compared to
controls. CD, Crohn’s disease; UC, ulcerative colitis.

Statistical tests: Mann-Whitney (p value) and Kruskal-Wallis (followed by comparison of all mean ranks and corrected by controlling the false discovery rate [FDR],
Benjamini-Hochberg; p.adj value) with values indicated as * <0.05, ** <0.01, *** <0.001, and **** <0.0001. Boxplots showing the median, interquartile range, and
the range from min to max. See also Figures S1-S6; Tables S1-S3.
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(A) Uniform manifold approximation and projection (UMAP) showing high-resolution clustering of 72,026 live CD45* CD3* cells from 82 biopsies collected from 19
patients with IBD (CD, N = 14; UC N = 5) and 4 non-IBD controls. The bar graph below the UMAP shows total number of cells per cluster.
(B) Cluster tree with a dot plot highlighting gene expression of cluster-relevant genes (dimensions of circles represent the percentage of cells/cluster; color shows

the average gene expression within this cluster, scaled in relationship to the other clusters).
(C) Feature plots showing selected gene expression of cells across the UMAP (from A).

(D) Number of single cells per biopsy (CD, black circles; UC, gray triangles) across endoscopic activity groups (active, n = 35; endoscopic healing (EH), n = 27;

non-inflamed, n = 12; non-IBD controls, n = 8).
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up-regulated and 1,637 down-regulated DEGs (log2 fold
change (FC) > 2, < —2 and p.adj < 0.05, Figure 1E; Table S1).
In EH, compared to non-IBD controls, 531 DEGs were up-regu-
lated and 1,114 were down-regulated (Figure 1F; Table S2).
Whereas S700A8 (log2FC: 5.5) and S700A9 (log2FC: 4.6)
were up-regulated in active IBD, both transcripts returned to
expression levels of non-IBD controls in EH. Identification of
persisting gene transcripts in EH resulted in 454 up-regulated
and 910 down-regulated genes (Figure 1G; Table S3). For 282
up-regulated and 556 down-regulated genes, we report the
official gene symbols; otherwise, the Ensembl ID is provided
(Figure 1G; Tables S1-S3). Genes, such as DUOX2, NOS2,
CXCL1, CXCL3, CXCL11, IFNG, and SAA2 and SAA2-
SAA4 from the SAA family, remained up-regulated in EH
(Figures 1G and S2). Increased epithelial expression of
DUOX2 and SAAin ileal and colonic EH samples was validated
by immunohistochemistry (Figure S3), and DUOX2/SAA2/
NOS2-expressing colonocytes were not detectable in single-
cell data®® of healthy controls compared to patients with IBD
(Figure S4). Very limited overlap between site-specific DEGs
of CD and UC samples and the 454 persistently up-regulated
genes supports that these genes derive from both IBD sub-
types and anatomical regions (Figure S5; Tables S4-S6). More-
over, associations between genes and functional pathways
identified significant up-regulated pathway families that
are mainly associated with inflammation and host-environ-
mental interactions, such as the nuclear factor kB signaling
pathway, which persisted in EH. In addition, down-regulated
functions persisted in EH, such as oxidative phosphorylation
(Figures S6A and S6B).

Classification of 72k single cells provided a high-
resolution overview of intestinal T cells
Toinvestigate IBD T cell signatures at high resolution, we analyzed
72,026 single, live CD45*, CD3* cells from 82 biopsies, 19 patients
with IBD (14 CD, 5 UC), and 4 non-IBD controls. In total, 33,371,
26,226, 7,257, and 5,172 cells were analyzed in active, EH, non-in-
flamed, and non-IBD control biopsies, respectively. Clustering
cells according to transcriptomic profiles revealed 26 distinct
clusters (cl). Among those, cl5, cl6, and cl11 were found to be
divided in sub-clusters, respectively (Figures 2A and 2B, expres-
sion profiles; Table S7). Transcriptional profiles confirmed the
presence of IBD-relevant genes and T cell subtypes, such as IL-
17-producing or regulatory T cells (Figures 2B and 2C).

No separation was found according to IBD phenotype (CD,
UC, and non-IBD controls), location (Tl and SC), or endoscopic
activity in a PCA (PC1 and PC2) plot based on T cell frequencies
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(Figure S7A). In addition, no IBD phenotype-, location-, or pa-
tient-specific T cell clusters were present (Figures S7B and S7C).

IBD-specific Th17 cells persist under EH

Mucosal T cell composition of patients showed individual dy-
namics over time (Figure S7D). To quantify the relative contribution
of the different tissue-infiltrating T cell subsets, we calculated rela-
tive cell frequencies for each of the aforementioned cell cluster. No
significant differences in cell numbers per biopsy were found
(Figure 2D). Relative frequencies of ten T cell clusters differed
significantly between IBD activity groups (active and EH) or non-
IBD controls, but other clusters remained unchanged despite
inflammation (Figures 2E-2G and S7E). Clusters with increased
frequencies in active IBD (p.adj < 0.05) included IL-17-producing
T cells (cl11.1 and 11.2), proliferating T cells (cl17), regulatory
T cells (Tregs; cl7), and CD8" TBX21* cytotoxic T cells (cl18)
(Figures 2F and 2G). Active IBD showed decreased frequencies
for five clusters (p.adj < 0.05): CD8" y5* tissue-resident intraepithe-
lial lymphocytes (cl3, cl15, and cl16) and activated CD8* T cells (cl1
and cl14; Figure 2G). Only cl4, characterized by high levels of mito-
chondrial DNA, showed a clear CD-specific up-regulation
compared to UC in active IBD (Figures S7E and S7F). With one
exception, relative T cell frequencies returned to levels of non-
IBD controls. However, Th17 cells (cl11.1) persisted at increased
rates in EH tissue compared to non-IBD controls (p.adj < 0.05;
Figure 2F). Notably, cl11.1 was almost completely absent in non-
IBD controls (Figure 2E). In all non-IBD biopsies containing 5,172
single T cells, only 14 cells (0.27%) were part of this cluster. How-
ever, inIBD, 1,669 cells (5.00%) from active, 338 cells (1.29%) from
EH, and 50 cells (0.69%) from non-inflamed biopsies were classi-
fiedas Th17. Th17 cells from IBD biopsies expressed high levels of
RORC, IL23R, STAT3, and CSF2 (Figure 2H). A comparison to the
other RORC*, IL23R* T cell clusters without cell frequency alter-
ations (cl5.1 and cl5.2) (Figure 2G) highlighted functionally relevant
DEGs, such as CSF2, CTLA4, RBPJ, IL26, BHLHE40, and IFNG
(Figure 2H). The expression profiles within a T cell cluster were,
overall, similar between active IBD and EH. However, expression
of IL26 and CSF2 was higher in Th17 cells derived from active tis-
sue (Figure S8).

TCR analysis

To investigate the clonal distribution and expansion of T cells,
we analyzed TCRs harboring an alpha and a beta chain
(Figure 3A). TCR-expressing T cells (n = 48,273) were distributed
across all clusters with higher expansion in CD8" T cells (i.e., cl1,
cl9, and cl14; Figure 3B) and lowest appearance in CD8" y&*
T cells (i.e., cl15 and cl16) (Figure 3C). Coverage rates for single

(E) Distribution of cells highlighted for each activity group across the UMAP (from A). Numbers indicate available cells for the respective UMAP.

(F) Boxplot from T cell cluster 11.1 showing relative cell frequencies per cluster and biopsy (per individual biopsy: number of cells per cluster/total cell number per
biopsy; CD, black circles; UC, gray triangles) according to endoscopic activity groups.

(G) Relative cell frequencies (as in F) of clusters with significant differences between activity groups and two RORC* clusters showing no significant differences
between activity groups; statistical test used in (D, F, and G): Kruskal-Wallis test followed by comparing mean ranks between individual columns and multiple-
testing correction using Benjamini-Hochberg, p.adj value indicated as * <0.05, ** <0.01, *** <0.001. Boxplots showing the median, interquartile range, and the

range from min to max.

(H) Violin plots showing gene expression of selected clusters; CD, Crohn’s disease; UC, ulcerative colitis; endoscopic activity groups (D-G): active, red;
endoscopic healing, EH, green; non-IBD, white; non-inflamed (defined as “non-inflamed region in an active disease state”), light blue.

See also Figures S7 and S8; Table S7.
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Figure 3. T cell receptor analysis of paired IBD biopsies and non-IBD controls

(A) Overview of single T cells (from Figure 2) with available T cell receptor (TCR) sequences (alpha and beta chains) and their clonal expansion (>1, >5, >10, and
>20 clones).

(B) Distribution of single and expanded TCRs across the UMAP from Figure 2A. Color code indicates the level of expansion.

(C) Bar plot shows the number of cells with and without TCRs across single-cell clusters from Figure 2. Symbols depict percentages of TCR-expressing cells
among total cluster cells.

(D) Bar plot as in (C), but showing expanded T cell clones (belonging to the group of >1 or >10 clones). Symbols show percentages of >1 and >10 expanded TCR-
expressing cells of all TCR-expressing cells within this cluster, respectively.

(E) TCR-expressing clonotypes colored by level of expansion shown in UMAPSs across endoscopic activity groups: active, endoscopic healing (EH), non-IBD and
non-inflamed (defined as “non-inflamed region in an active disease state”).

(F) Venn diagrams giving an overview of unique expanded (>1) clonotypes (counted as one clonotype) shared across endoscopic activity groups, time, and
location (N = number of patients, n = number of unique expanded clonotypes). Upper: shared clonotypes across endoscopic activity groups, including time

(legend continued on next page)
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T cells with available TCR sequences differed between clusters,
but Th17 (cl11) and Tregs (cl7) showed rates between 87% and
88%; Figure 3C). Six clusters had TCR coverage below 50% (cl2,
cl3, cl4, cl15, cl16, and cl21).

Next, we examined clonal expansion based on a combination
of complementarity-determining region 3 of both alpha and beta
chain nucleotide sequences, defined as one clonotype. TCRs of
14,891 T cells were clonally expanded with two or more T cells
sharing the same clonotype (Figure 3A). Absolute T cell expan-
sion was found highest in activated CD8" IFNG* T cells (65%
of cl1), which corresponded to 30% of all 14,891 clonally
expanded T cells (Figure 3D). In contrast, among activated
CD4* T cells (cl0), only 12% were clonally expanded. The IL17*
T cells (cl11) showed a similar picture: among Th17 cells, 25%,
and among CD8* IL17* T cells, 64% were clonally expanded.
Of note, IBD Th17 cells showed the highest percentage of clonal
expansion among all CD4* T cell clusters (Figure 3D).

Next, we looked at the distribution of clonally expanded T cells
according to disease activity groups (Figure 3E). In all four
groups, including non-IBD controls, clonal expansion was high-
est in activated CD8" T cells (i.e., cl1, cl9, and cl14). The five up-
regulated clusters in active IBD (i.e., cl7, cl11.1, cl11.2, cl17, and
cl18) were all hotspots for clonal expansion in active IBD, as well
as EH (Figure 3E). Expanded TCRs appeared at both locations
(Tl and SC) and also persisted over time (from active/non-in-
flamed to EH; Figure 3F). In addition, expanded TCRs showed
highly individual TCR sequences (Figure 3G).

Heterogeneous community profiles at the intestinal
mucosa between pediatric patients with IBD

To identify mucosa-associated bacterial drivers, 16S rRNA gene
amplicon sequencing was performed on 135 biopsy samples
(31 patients with IBD, 5 non-IBD controls). Here, we used
denoised amplicons, which each represent a molecular sequence
to obtain operational taxonomic units (i.e., zero-radius operational
taxonomic units [zOTU]). Richness, as indicated by the number of
zOTUs, remained persistently low in IBD compared to non-IBD
controls (Figure 4A). Longitudinal analysis revealed no specific
zOTU clustering concerning IBD phenotype or disease activity
(Figure 4B). Multi-dimensional scaling (MDS) of microbial profiles
for the different IBD activity groups (active, n = 56; non-inflamed,
n = 26; EH, n = 43) and non-IBD controls (n = 10) revealed signif-
icant differences but also intersections between groups: active vs.
non-inflamed was indistinguishable (p.adj = 0.7, Figure 4C and
S9A); active vs. EH (p.adj = 0.03), as well as active vs. non-IBD
controls (p.adj = 0.03), showed significant differences; and EH
vs. non-IBD controls was not significantly different or barely so
(p.adj = 0.08, Figure 4C). In addition, samples from the Tl showed
no separation from the SC (p = 1, Figure S9B). Overall, the majority
of zOTUs displayed a higher mean abundance in the non-IBD
group (Figure 4D). Accordingly, differential analysis, focusing on
significant differences of both active and EH versus non-IBD con-
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trols, only revealed zOTUs and genera, such as Parabacteroides,
that were persistently low in abundance in IBD samples. Clos-
tridium sensu stricto 1, which did not occur in non-IBD controls,
showed a tendency of persistently higher abundance in IBD but
decreased in most patients under EH. However, this genus was
only present in some patients with IBD (Figure 4E). Time-series
analysis of individual mucosa-associated bacteria showed highly
patient-specific behavior (decreasing and increasing), resulting in
diverse EH microbial community profiles (Figures 4F, 4G, and
S9C). In addition, communities from same patients in both loca-
tions (Tl and SC) clustered together, indicating a strong individual
impact and more global rather than site-specific community
changes (Figure 4G). Hence, these results align with the persis-
tently low microbial richness observed and suggest the presence
of permanently dysbiotic microbial communities, characterized by
highly individual and dynamic profiles (Figures 4E-4G and S9D).

Subsequently, we looked for correlations between zOTUs and
significant features from bulk and single-cell RNA sequencing.
Despite the lack of disease-specific clustering (Figure 4B) and
considerable overlap between CD and UC, a significant difference
in the MDS analysis between CD and UC communities was found
(p = 0.005, Figure S10A). Differential analysis between CD and UC
identified 19 genera (Figure S10B). Correlation analysis for CD and
UC showed diverse results, including few overlapping genera,
such as Bacteroides, which correlated with most features across
different zOTUs, and Ruminococcus, which correlated with IFNG
in patients with CD (in addition to NOS2, CXCL3, and CXCL1) and
UC (p value < 0.05, Figures 4H and 4l). In patients with UC, azOTU
of the genus Escherichia correlated with Th17 cells and DUOX2.
However, only two correlations with a corresponding false discov-
ery rate-corrected p value below 0.05 were identified, including
one zOTU belonging to Parabacteroides and one belonging to
Bacteroides, both correlating with IFNG in CD (Figure 4H). Overall,
the results confirm a high degree of inter-individual variation, re-
sulting in a variety of host-microbiota correlations.

Data integration reveals an IBrD signature in
endoscopically uninflamed mucosa

Previous research demonstrated that transcriptionally based
scores represent a sensitive measure of disease activity and
persistent inflammation in macroscopically normal mucosa.?'*?
However, these scores involve several hundred DEGs (n = 3177
and n = 636°°) and showed very little separation between EH
and non-IBD control samples (in contrast to active vs. EH,
Figure 5A), limiting the potential deduction of mechanistic and
clinically relevant insights in silently persistent disease. Therefore,
we hypothesized that data integration of persistently up-regulated
genes (Figure 1) and IBD-relevant T cell clusters (cl11.1, cl11.2,
cl7, cl17, cl18, cl1, cl3, cl14, and cl15; Figure 2) could exploit
inter-patient variability to discover distinct features of an IBrD
signature. We used a bipartite correlation network between the
modalities to identify DEGs associated with IBD-relevant T cell

(shared between active and EH, and between non-inflamed and EH) and location (shared between active and non-inflamed). Lower: shared clonotypes across
locations (terminal ileum [T1], sigmoid colon [SC]) for active patients (including expanded clonotypes from active and non-inflamed samples) at Tg,, for EH (without
the relapse patient and a patient with only SC available), and for non-IBD controls (from left to right).

(G) Sequence logo plot shows consensus of multiple sequence alignments of patient-specific TCR sequences from the five IBD-related T cell subtypes (from

Figure 2: cl11.1, cl11.2, cl7, cl17, and cl18) at the level of amino acids.
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clusters, resulting in 81 of the initial 282 annotated and persistent
DEGs (Figure 5B). Among those, DEGs in the network core were
significantly correlated with surrounding T cell clusters. Tran-
scripts such as SAA2, DUOX2, and NOS2 showed strong positive
association to Th17 cells (Figure S11). Importantly, our IBrD signa-
ture (81 DEGs, Table S8) improved the separation of active and EH
mucosa from non-IBD control samples (Figure 5C), and signature
genes were homogeneously expressed at low levels in all non-IBD
controls (Figure S12). To control for covariates, we applied a linear
mixed model (LMM) analysis, which reveals significant separation
of active and EH samples from non-IBD samples (p.adj < 0.0001,
p.adj = 0.003) but no separation by location or anti-TNF treatment
(p.adj > 0.8). Excluding non-IBD controls, an additional LMM
showed no differences between CD and UC (p.adj = 1) (Figure 5C).

Despite EH, only a few samples become more similar to
non-IBD controls over time (indicated by arrows in the PCA,
Figure 5C). To evaluate the degree of residual inflammation in
EH, we quantified the IBrD signature and computed a trajectory
through the space of the 14 first PCs (explaining 80% of the vari-
ance) and assigned a normalized pseudotime to each sample.
The normalized pseudotimes reflect the extent of IBrD, where
0 corresponds to “no residual disease” and 1 to “active inflam-
mation” (Figure 5D). Applying the IBrD signature to samples
demonstrates a clear separation between IBD (mainly >0.5 for
both active and EH) and non-IBD controls (<0.25) in biopsies
with matched datasets (Figure 5E). Similar results were obtained
in the total cohort of bulk RNA sequencing samples (n = 127,
Figure S13). To confirm the robustness of the IBrD signature,
we generated 200 PCAs, each based on 81 randomly selected
genes taken from 3,016 DEGs that we found to be regulated
by IBD (i.e., active and EH vs. non-IBD controls, Figure 1). There
was a significant difference in the distances between the cen-
troids of IBD groups and non-IBD controls in the PCA of the
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IBrD signature compared to PCAs derived from random gene se-
lection (p value < 0.0001, Figures 5F and 5G). To corroborate our
findings, we also tested the performance of the IBrD signature on
an external dataset (GSE73661°°) and found high discriminatory
power between endoscopically healed mucosa (Mayo score 0)
and non-IBD controls (Figures 5H-5J). Of note, the patient who
experienced relapsing disease activity within 10 weeks after
medication discontinuation (as indicated in Figure 1B) was found
to have a high level of residual disease (Figure S14).

DISCUSSION

To briefly summarize, we analyzed 217 longitudinally collected
biopsies from 32 pediatric patients with IBD and 5 non-IBD con-
trols. We conducted high-resolution profiling and integrated
network analysis of EH tissue combining single-cell transcrip-
tomics of mucosal T cells with bulk RNA and microbial 16S
rBRNA amplicon sequencing data. Although 22 of 31 patients
reached EH, our results demonstrate the persistence of cellular,
molecular, and microbial drivers of inflammation, which is re-
flected in the IBrD and its pathognomonic signature of persis-
tently up-regulated genes.

The IBrD signature is characterized by increased tissue
expression of genes, such as SAA2, NOS2, DUOX2, CXCL1,
CXCL3, GBP5, DMBTT1, and IFNG and perpetuates persisting
Th17 cells, as well as an associated perturbation of the mu-
cosa-associated microbiota. Increased Th17 cell differentiation
and pathogenic IL-17 responses to microbial stimulation are
characteristic hallmarks of IBD.>*® In line with previous
descriptions, the identified Th17 cells can be classified as
pathogenic due to expression of pro-inflammatory genes for
transcription factors (e.g., RORC, TBX21, BHLHE40, STATT,
STAT3, PRDM1, IRF4, and BATF), cytokines (e.g., IL17A, IL22,

Figure 4. Mucosa-associated microbiota by 16S rRNA gene amplicon analysis of paired biopsies and correlation heatmaps

(A) Alpha-diversity plotted as Shannon effective number and richness (number of zOTUs) across groups. Pairwise comparison between groups (Wilcoxon test,
Benjamini-Hochberg corrected, p.adj values indicated as * <0.05, ** <0.01, *** <0.001).

(B) Beta-diversity of the cohort (patients with IBD, N = 31; non-IBD controls, N = 5; biopsies, n = 135) based on generalized UniFrac (gUniFrac) distances shown in
a circular tree. Taxonomic profiles (relative abundance) are shown for each sample as color-coded stacked bar plots. Both classes, Delta- and Gammapro-
teobacteria, belong to the phylum Pseudomonadota (formerly known as Proteobacteria). Outer rings label samples according to IBD activity and phenotypes:
active, red, n = 56; endoscopic healing, EH, green, n = 43; non-inflamed (defined as “non-inflamed region in an active disease state”), light blue, n = 26; non-IBD
controls, white, n = 10; CD, dark blue, n = 82; UC, beige, n = 43.

(C) Beta-diversity of microbial profiles in a multi-dimensional scaling (MDS) plot showing disease groups. Comparison between pairs of groups: PERMANOVA
with correction for multiple testing (Benjamini-Hochberg; p.adj values).

(D) Phylogenetic tree of top 100 (highest cumulative abundance) zOTUs. Mean abundances across endoscopic activities are shown in a heatmap (from inner to
outer ring: active, non-inflamed, EH, and non-IBD controls) as well as the taxonomic group (outermost ring).

(E) Differential abundance analysis between IBD and non-IBD controls, focusing on the top zOTUs that showed differences in both active and EH compared to
non-IBD controls. In addition, the top differentially abundant genus is shown and one of the scarce genera that was increased in IBD, but only in few patients.
Wilcoxon test: the abundance of the taxa in each activity group is compared to the other groups (pairwise comparison between groups), multiple-testing
correction using Benjamini-Hochberg, p.adj value indicated as * <0.05, ** <0.01, *** <0.001, and **** <0.0001. Boxplots showing the median, interquartile range,
and whiskers extending to data points within 1.5 times interquartile range from the quartiles.

(F) Time-series analysis between active and EH of individual patients for zOTUs and genera from (E) (N = 22 patients). The mean relative abundance of the
anatomical locations (Tl and SC) was calculated for active and EH, respectively. For the patient with CD who first reached EH at Tg,, Tg. and Tg, are shown.
(G) Beta-diversity showing EH samples (n = 43) from both locations (Tl and SC) from individual patients (N = 22) in a tree and non-metric multidimensional scaling
(NMDS) based on gUniFrac distances. Samples are shown in different colors for each patient, respectively. Samples clustering together in the tree are highlighted
with a bar in the patient-specific color.

(H and ) Correlation heatmaps between identified IBD-specific features (from bulk and single T cell RNA sequencing) and zOTUs of patients with CD (H) and UC
(). For CD, top 20/45 zOTUs are shown, which correlated to at least 2 IBD-specific features (H). The color code indicates Spearman’s correlation coefficients
among the respective T cell cluster, bulk genes, and zOTUs. All non-zero correlations have a corresponding p value <0.05 (corresponding FDR-corrected p values
<0.05 are highlighted with a black frame).

See also Figures S9 and S10.
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IL26, IFNG, CSF2, or TNF), and signaling receptors and
regulators (e.g., IL23R, CCR6, CD40L, CTLA4, CD28, and
RBPJ). Notably, Th17 cells were almost non-existing in non-
IBD controls.

Development of pathogenic Th17 cells is mediated by a
combination of the cytokines IL-6 and IL-23 and increased
expression of SAA2,"%?” through the molecular activity of multi-
ple transcription factors. For instance, IRF4 and BATF regulate
chromatin accessibility and, in combination with STAT3 and
RORC, are key players for Th17 development.”® Expression of
IL23R can be regulated by the Notch signaling mediator RBPJ,
which also represses anti-inflammatory IL-10 production within
Th17 cells.?® Interestingly, RBPJ was considerably less ex-
pressed in other RORC* and IL23R™ T cells, which showed no
differences in quantity between IBD and non-IBD controls.
Following the cascade of IL23R, Blimp-1 (PRDM?1) is one of the
downstream elements of IL23R that acts together with RORyt
(RORC) in activating Th17 and increasing the expression of
CSF2, IL17A/F, and IL23R.*° Cytokine expression of IL17A,
CSF2, and IFNG is also regulated by BHLHE40, which can drive
IFNG production independent of T-bet.*'*> CSF2 (GM-CSF) and
IL26 are the top two DEGs in our pathogenic Th17 cell cluster.
GM-CSF is a key player of inflammatory responses and links
pathogenic Th17 cells to the adaptive immune system and
IL23 expression.®*** |26 is a polyfunctional interleukin. It binds
DNA, enhances innate immune responses, and kills extracellular
bacteria by generating pores in the membrane.®*="

In contrast to the pathogenic Th17 cell cluster, all other T cell
clusters returned to non-IBD levels in most biopsies, suggesting
that environmental cues remain active in EH to promote patho-
genic Th17 cell survival. The current paradigm is that Th17 devel-
opment in the intestinal tract requires intestinal microbes.''®
Indeed, the transfer of human fecal IBD microbiota in mice exac-
erbated colitis and altered the balance of gut Th17 and RORyt*
regulatory T cells.®® Consistent with these findings, the mu-
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cosa-associated microbiota in our patients with IBD showed a
patient-specific microbial composition, and the species richness
was persistently reduced compared to non-IBD controls. How-
ever, at the mucosal level, we did not find a previously described
dominance of IBD-associated Proteobacteria, which were found
to be increased in fecal samples of patients with active 1BD.*°
Nevertheless, despite highly individual sets of microbes being
found, these might still result in a shared inflammatory tissue
response perpetuating pathogenic Th17 cells. Similarly, colo-
nizing mice with single bacteria, such as SFB, Citrobacter roden-
tium or enterohemorrhagic Escherichia coli O157:H7, showed
that Th17 development is able to be mediated by phylogeneti-
cally diverse human gut microbes. In any case, it requires direct
microbial interaction with IECs. %% Interestingly, these strains
are able to induce SAA2, DUOX2, and NOS2 in IECs, which were
among the top DEGs persistent in EH, linking intestinal microbes
to pathogenic Th17 cells."® The direct contact of microbes with
IECs induces epithelial SAA1/2 proteins, which promote differ-
entiation and pathogenicity of Th17 cells.”"*** In our study,
SAA2 is one of the top DEGs, which remained up-regulated in
EH compared to non-IBD controls. More recently, Duan et al.
provided more insight into how microbial epithelial adherence
promotes Th17 cell differentiation. They showed that Th17 cell-
inducing bacteria stimulate an endoplasmic reticulum stress
response in IECs, which, in turn, promoted Duoxa2/Duox2
expression, resulting in increased reactive oxygen species gen-
eration and Th17 induction via increased release of xanthine
from IECs.*® The antimicrobial DUOX2 is up-regulated in IBD
and found together with an expansion of Proteobacteria in
both treatment-naive pediatric UC and CD.** Of note, genetic
DUOX2 variants have been linked to increased plasma IL-17C
concentrations.*> NOS2, nitric oxide synthase 2, catalyzes the
production of nitric oxide, a broad-spectrum anti-microbial
agent, and NOS2 is found at increased levels in colonic IECs
from patients with CD and UC.'” The IBrD signature genes

Figure 5. Data integration of single-cell and bulk RNA sequencing identifies an IBrD

(A) Principal component analysis (PCA, batch and location corrected) of our bulk RNA sequencing data (n = 127) based on DEGs from two previously described
inflammation scores/signatures tested on our data: (upper (1) 296 identified Ensembl IDs in our data from 317 possible gene symbols21 and lower (2) 636 Ensembl
IDs%).

(B) Correlation network of identified bulk and single T cell RNA sequencing features based on 64 samples from 18 patients with IBD and 4 non-IBD controls with
matched datasets after data integration: nodes represent identified significant features (9 T cell clusters and 81 DEGs; derived from 282 annotated persisting up-
regulated genes [172 from the 454 genes without an official gene symbol were excluded] from Figure 1G); edges represent significant (Spearman) correlations
between features of the two modalities (red, positive; blue, negative); correlations between features of the same modality were not considered.

(C) PCA shows separation of IBD groups and non-IBD controls based on the inflammatory bowel residual disease signature: 81 significant DEGs from (B);
samples: active, n = 33; EH, n = 24; non-IBD, n = 7. Arrows indicate patient-specific changes over time (only same locations for Tg,_to T are connected). The
following linear mixed model (LMM) was used to test for significant differences between IBD and non-IBD controls (A [active] vs. N [non-IBD controls] and EH vs.
N) and to control for location or treatment-specific influences: PC ~ (intercept) + disease status + anti-TNF + location + (1|patient). The LMM takes into account
from which patient each sample originates; p values were Bonferroni corrected over all principal components and are shown in a table for PC1 and PC2. A similar
LMM was performed to test for differences between CD and UC by including IBD phenotype and excluding non-IBD controls.

(D) PCA as in (C) with color code indicating IBrD scaled between 0 and 1, where 1 indicates highest activity.

(E) IBrD values (interval between 0 and 1) for each sample according to endoscopic activity.

(F) Boxplot of Euclidean distances between centroids of active, EH, and non-inflamed to the centroid of non-IBD controls calculated from the IBrD signature PCA
(PC1 and PC2) (red) and from 200 PCAs derived from randomly selected genes (black, 81 genes taken from a pool of 3,016 IBD regulated genes). PCAs were
always generated on 127 biopsy samples. Statistical test: one-sample Wilcoxon test, p value indicated as **** <0.0001. Boxplots showing the median, inter-
quartile range, and the range from min to max.

(G) Explained variance (percent) of PC1 (left) and PC2 (right) of the PCAs from the IBrD signature (red) and from the 200 times randomly selected gene signatures
(from F; dark gray).

(H-J) IBrD signature on an external dataset (GSE73661,%° 26 genes were identified due to technical differences) following the pipeline as described in (C)—(E).
See also Figures S11-S14.
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also contained the chemokine CXC family members CXCLA1,
CXCL3, and CXCL11. These chemokines are enriched in mu-
cosa of patients with CD and UC and are produced by macro-
phages, neutrophils, fibroblasts, and epithelial cells.?**® Their
increased expression promotes the recruitment of neutrophils
and other immune cells (e.g., activated T cells), potentially sus-
taining the inflammatory cycle in the intestinal mucosa.*”*°

Our findings have several clinical implications. The majority
of patients reached EH with anti-TNF therapy. However, our find-
ings emphasize that while current IBD therapies suppress
inflammatory pathways, they are unable to fully interrupt IBD-
associated signaling cascades. One can speculate whether mi-
crobiome-modifying therapies targeting the mucosa-adherent
pathobionts by, e.g., fecal microbiota transfer or using lytic bacte-
riophages, can attenuate the DUOX2-SAA-Th17 axis. In a mouse
colitis model, the transfer of healthy donor-derived microbes
reversed the inflammatory phenotype and reduced the proportion
of mucosal Th17 cells.®® Additional dietary factors might either
directly or indirectly affect the intestinal microbiota or the host im-
mune system.®' Alternatively, the persistence of Th17 cells, which
express IL23R and multiple pro-inflammatory cytokines, suggests
the simultaneous or sequential use of several anti-cytokine
agents, such as anti-TNF/anti-IL-23 in combination, or initial
anti-TNF therapy to induce EH, followed by anti-IL23 for deeper
remission. In contrast to anti-IL23, directly targeting IL-17 has,
however, been clinically ineffective in CD and was associated
with disease exacerbation and adverse events in some patients.
This suggests that IL-17A per se might play a protective role in
CD or in a subgroup of these patients, which may be mediated
by other IL17-expressing clusters (e.g., cl 5.2).%°°

Strengths of this study include the representative pediatric IBD
cohort and the longitudinal approach with homogeneous treat-
ment. We identified a persisting signature that represents both
IBD subtypes and both locations. Genes of our signature,
including DUOX2 and NOS2, were identified in epithelial cells
of both the Tl and the colon."” Despite these strengths, we iden-
tified several caveats of our study, which will need to be the focus
of future research. First, our cohort is limited in size. The low
number of samples may have limited the statistical power to
detect more subtle or complex effects, and a larger cohort will
potentially uncover additional molecular features that may
have been missed in our study. In particular, in the highly individ-
ual 16S rRNA gene analysis, a larger sample size would be
helpful to identify smaller effects. Future studies with larger,
more homogeneous cohorts would be essential to validate our
findings and to uncover additional molecular signatures. Despite
this, our cohort is still representative of a pediatric 1BD
population with detailed clinical and endoscopic characteriza-
tion. Stringent assessment of mucosal healing by endoscopy is
supported by reductions in Fcal and change in the ST00A8 and
S100A9 transcripts that contribute to increases of the calprotec-
tin protein. Despite low numbers of non-IBD controls, analysis of
their tissues gave homogeneous results. Second, although we
can link the persistence of pathogenic Th17 cells to up-regulated
genes and disrupted bacterial communities, additional
factors (e.g., metabolites) likely contribute and need to be iden-
tified. Third, we use 16S rRNA gene amplicon sequencing to
characterize the mucosa-associated microbiota. Metagenomic
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sequencing was tested but not feasible due to the high abun-
dance of human DNA in biopsy material. However, using a single
endoscopic biopsy for analysis of host gene expression and
adherent microbial composition, we aimed to detect residual mi-
crobial and molecular alterations in the closest possible prox-
imity. Forth, we did not include follow-up of patients beyond
EH. All patients in our clinic undergo proactive monitoring,
including treatment adjustments, to prevent disease relapse.
Our study reveals persistent cellular and molecular disease-
associated features in patients achieving EH. We hypothesize
that these features are merely suppressed by ongoing treatment
rather than eliminated. Consequently, we propose that the de-
gree of residual disease is more likely to determine the time to
IBD recurrence after treatment withdrawal, rather than predicting
disease relapse under an effective, ongoing treatment. In our
cohort, almost all patients with EH exhibited ongoing molecular
inflammation, as indicated by the IBrD signature, albeit to varying
degrees. Therefore, measuring the depth of remission using the
IBrD signature might help stratify patients who could potentially
discontinue treatment versus those who should not (e.g., the
relapse patient shown in Figure S14). However, prospective clin-
ical trials are necessary to validate this approach.

In conclusion, our study provides evidence of an individual de-
gree of residual disease in IBD despite EH, which can be deter-
mined through molecular profiling. Future research needs to
show whether a refined treat-to-target approach based on treat-
ment combinations or sequential medication administration
adds further benefit to patients with IBD.

Limitations of the study

Our cohort provides longitudinal data on endoscopically healed
mucosal tissue in a representative pediatric IBD population.
While the IBrD signature was identified across patients, anatom-
ical sites, and IBD subtypes (CD and UC), our analysis is based
on single, rice-grain-sized biopsies intended to reflect the inflam-
matory status of the entire ileocolonic region. Adequate tissue
sampling will be critical in future IBrD signature studies. The sin-
gle-cell RNA sequencing of T cells increased the resolution of
T cell subpopulations, but examining other cell clusters in our
setup is crucial to identify additional persistent, IBD-associated
cell types. Larger cohorts are needed to confirm our findings
and potentially uncover additional molecular features, which
may have been missed in our study. Increasing non-IBD controls
may also provide new insights into IBD vs. non-IBD differences.
Identifying microbial strains or environmental factors perpetu-
ating the disturbed epithelial-immune-Th17 cell crosstalk could
open new treatment options. As 16S rRNA gene amplicon
sequencing limits microbiota analysis to genus/species level,
identifying immunogenic microbes at the mucosal surface would
require microbiota cultivation or novel methods of preprocessing
for metagenomic sequencing to remove host DNA from endo-
scopic biopsies.
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Antibodies

Anti-human DUOX2 Merck Cat#MaBN787

Anti-human SAA1/2 Novus Biologicals, Bio-Techne Cat#NBP3-07766; RRID:AB_3555148
Anti-human CD45 DAKO Cat#PB986

Anti-human CD3

TotalSeq™-C anti-human Hashtag
antibodies (1-8)

Life Technologies, Invitrogen
BioLegend

Cat#17-0038-42; RRID:AB_10805861

Cat#394661; RRID:AB_2801031 -
Cat#394675; RRID:AB_2820044

Biological samples

Pediatric intestinal biopsy samples This publication DRKS00013306
Chemicals, peptides, and recombinant proteins

RNAlater™ Invitrogen™ Cat#AM7020
RPMI 1640 Sigma Aldrich Cat#R8758
Fetal Bovine Serum (FBS) Gibco™ Cat#10500064
HBSS Sigma Aldrich Cat#H9394
HEPES Cell Concepts Cat#B-L3100-H
Collagenase IV Sigma Aldrich Cat#C5138
Dimethyl sulfoxide (DMSO) Carl Roth Cat#4720.4
p-Mercaptoethanol Gibco™ Cat#21985023
Mutanolysin Sigma Aldrich Cat#M9901
Lysozyme Carl Roth Cat#8259.1
Propidium lodide (PI) Thermo Fisher Cat#P1304MP
Critical commercial assays

AlIPrep DNA/RNA Mini Kit (50) Qiagen Cat#80204
NucleoSpin Tissue, Mini Kit Macherey-Nagel Cat#740952.50
Chromium Next GEM Single Cell 5’ Kit v2 10x Genomics Cat#1000263
Deposited data

IBD transcriptome dataset Avrijs et al.”® GSE73661

Single cell data

Inflammation score 1
Inflammation score 2

Bulk RNA seq data (raw feature counts) and
the code for the IBrD computations

Garrido-Trigo et al.”°

Argmann et al.”’
Thomas et al.*”
This publication

https://servidor2-ciberehd.upc.es/
external/garrido/app/

bMIS_IBD
Inflammation score genes

mediaTUM: https://doi.org/10.14459/
2025mp1771962; Tables S9 and S10

Oligonucleotides

16S rRNA gene lllumina sequencing
primers

Reitmeier et al.>*

341F-ovh and 785r-ovh

Software and algorithms

FastQC (v0.11.9)

Trim Galore (v0.6.6)

STAR (v2.7.9a)

featureCounts (v2.0.2)

Andrews S.

Krueger F.

Dobin et al.>®

Liao et al.”®

http://www.bioinformatics.babraham.ac.
uk/projects/fastqc

https://www.bioinformatics.babraham.ac.
uk/projects/trim_galore/
https://doi.org/10.1093/bioinformatics/
bts635
https://doi.org/10.1093/bioinformatics/
btt656
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DEseq?2 (v1.42.0) Love et al.®’ https://doi.org/10.1186/s13059-014-0550-

R (v4.3.2)
clusterprofiler (v4.10.0)
EnhancedVolcano (v1.20.0)

limma (v3.58.1)

IMNGS2 (date: 06.03.2024)
SILVA (v138)

Namco

Rhea

EvolView (date: 18.11.2024)
cellranger (v6.0.2)

R Core Team

Yu et al.”®

Blighe®®

Ritchie et al.®°

Lagkouvardos et al.®’

Quast et al.®?

Dietrich et al.%®

Lagkouvardos et al.®*
Subramanian et al.®®

10x Genomics

8
https://www.R-project.org
https://doi.org/10.1089/0mi.2011.0118

https://doi.org/10.18129/B9.bioc.
EnhancedVolcano

https://doi.org/10.1093/nar/gkv007
https://www.imngs2.org
https://doi.org/10.1093/nar/gks1219
https://exbio.wzw.tum.de/namco/
https://github.com/Lagkouvardos/Rhea
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https://support.10xgenomics.com/single-

cell-gene-expression/software/pipelines/
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Seurat (v4.1.0) Butler et al.®® https://satijalab.org/seurat/

MAST (v1.28.0) Finak et al.®” https://doi.org/10.1186/s13059-015-0844-
5]

Prism (v10.1.1) Graphpad https://www.graphpad.com

scRepertoire (v1.11.0) Borcherding et al.®® https://doi.org/10.12688/f1000research.
22139.2

Slingshot (v2.4.0) Street et al.®® https://doi.org/10.1186/s12864-018-4772-
0

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Patient cohort and study design

Pediatric patients aged 3-18 years, with suspected or established IBD were recruited to a mono-centric IBD cohort study (recruit-
ment 2019-2022, Dr von Hauner Children’s Hospital, LMU Munich) and followed prospectively (Female, N = 12; Male, N = 20; West-
ern Europe, N = 20; Eastern Europe, N = 7; Asian, N = 2; Arab, N = 2; Other N = 1; Further details are provided in Table 1. Baseline
patient characteristics). Written informed consent was obtained from parents/legal guardians and children older than 6 years signed a
statement of assent (ethical approval LMU Munich, approval no. 17-801; German Clinical Trials Register accession no.
DRKS00013306, date of registration 19.03.2018). Patients with an IBD-unclassified phenotype were excluded from our analysis.
The diagnosis of IBD was made according to revised Porto criteria. Patients with confirmed IBD were treated according to current
ESPGHAN/ECCO guidelines.”®"" Patients without any evidence of inflammation after complete diagnostic work-up served as non-
IBD controls. Patient assessment was performed at time of enroliment and at least every three months. Evaluation included medical
history and physical examination, standard laboratory measures (including Fcal), calculation of the mathematically weighted Pedi-
atric Crohn’s Disease Activity Index (wPCDAI) for CD or the Pediatric Ulcerative Colitis Activity Index (PUCAI) for UC, and anthropo-
metric data. PUCAI or wPCDAI less than 10 or 12.5, respectively, or fecal calprotectin <250 mg/L denoted remission. At baseline
(Tew), IBD work-up included an ileocolonoscopy, which was followed by ileocolonoscopy/sigmoidoscopy for evaluation of EH (T).
Timing of re-evaluation endoscopy was based on clinical needs and/or recommendations by STRIDE-II guidelines (target window
6-12 months after Tg). The goal of our study was to collect samples from patients that achieved EH after active IBD. Patients,
who did not reach EH at Tr; were followed in >Tg; endoscopies within 1 year for additional assessment of EH. We did not sample
more than one EH time point from each patient. EH was defined according to STRIDE-Il as Mayo endoscopic subscore of 0 and Sim-
ple Endoscopic Score for CD (SES-CD) <2 and absence of ulcerations.®

METHOD DETAILS

Biopsy specimen collection and isolation of lamina propria mononuclear cells (LPMC)

Single biopsy samples from terminal ileum and sigmoid colon were directly transferred into (1) RNAlater (Invitrogen; stored at —80°C
after 24h incubation at 4°C) for bulk RNA sequencing and 16S rRNA gene amplicon sequencing, and (2) RPMI 1640 (Sigma Aldrich) +
10% FBS (Gibco) for single T cell RNA sequencing. For each site, biopsies for (1) and (2) were taken directly adjacent to each other
with a small safety margin.
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Biopsies from (2) were processed immediately after endoscopy to isolate lamina propria mononuclear cells (LPMCs) according to
Jarosch et al.”? with following adaptations: each biopsy was disrupted in tubes (gentleMACS C Tubes) containing 2 mL digestion
medium (HBSS w/o Ca?*, Mg®* supplemented with HEPES 25 mM, FBS 2% and Collagenase IV 1 mg/mL) using a dissociator (Mil-
tenyi Biotec: gentleMACS Octo Dissociator with Heaters) for 61 min at 37°C. Finally, after washing and passing the cell suspension
through a 70 pm cell strainer using washing buffer (RPMI 1640 + 10% FBS +25 mM HEPES), cells were centrifuged (450 % g), taken up
in FBS with 10% DMSO, cooled down to —80°C, and then stored in liquid nitrogen until further processing.

Bulk tissue mRNA and mucosa-associated microbial DNA isolation

Microbial DNA and host RNA from single RNAlater preserved biopsy samples were isolated by combined mechanical tissue
disruption with chemical and enzymatic cell lysis. Biopsies were transferred to a guanidine thiocyanate and -mercaptoethanol so-
lution and subsequently, mechanically disrupted for 1 min using the gentleMACS Octo Dissociator (same as used for LPMC isolation)
with gentleMACS M Tubes. Remaining and intact bacterial cells were collected by centrifugation (14,000xg, 4 min). Supernatant
DNA and RNA were isolated using the AllPrep DNA/RNA-isolation kit (Qiagen). The pellet was further processed in a second
step using enzymatic lysis of bacterial cell walls through proteinase K, lysozyme and mutanolysin followed by isolation of the
DNA (NucleoSpin Tissue, Macherey-Nagel). Chemical lysis (e.g., by detergents from kit-solutions) contributed to RNA/DNA
isolation efficacy in both steps. The DNA from step one (in case bacteria were already mechanically disrupted) and step two (after
enzymatic lysis) were finally combined and analyzed together. Our protocol resulted in high quality RNA with RNA integrity numbers
RIN >7 and amounts of >300 ng/pL. However, 8/135 samples were excluded from sequencing or further analysis, either due to too
low RNA concentration, poor RIN or low quality reads. DNA and RNA were stored at —80°C until sequencing. RNA-seq libraries
(NEBNext Ultra Il RNA Library Prep Kit; mRNA enrichment) were prepared for lllumina NovaSeq 6000 sequencing (2 x 150
paired end).

Immunohistochemistry (IHC)

For immunolabeling of target proteins, 2 um sections of the paraffin embedded patient specimens were collected on superfrost plus
slides (Thermo Scientific) and processed with the autostainer Bond RXm system (Leica, Wetzlar, Germany; all reagents from Leica)
following the standard protocol provided by Leica. Briefly, sections were de-paraffinized with the Leica de-wax kit, then rehydrated
by alcohol washes with decreasing concentrations (100%, 96%, 70%). Heat induced antigen retrieval with epitope retrieval solution 2
(that corresponds to EDTA buffer pH 8) for 30 min was followed by inactivation of endogenous peroxidase using 3% hydrogen perox-
idase for 5 min. Monoclonal primary antibodies against DUOX2 (mouse-anti-human; Merck, Darmstadt, Germany; MaBN787),
diluted 1:100, or SAA1/2 (mouse-anti-human; Bio-Techne, Wiesbaden, Germany, NBP-07766-100 pg), diluted 1:50, were applied
for 15 min at room temperature. The polymer refine detection kit without post primary reagent detected the antibody during 8 min
incubation and diaminobenzidine turn-over into dark brown precipitate served as visualization of target-protein presence (DAB refine
detection kit protocol with total duration of 10 min). Counterstaining was performed with the included hematoxyline kit (10 min incu-
bation) before dehydration of the samples with washes of increasing alcohol concentrations (70%, 96%, 100%) and xylene. Stained
samples were then mounted with Pertex mounting medium (Histolab, Goeteborg, Sweden; 00801).

IHC imaging
Stained samples were imaged using the Aperio AT2 scanner (Leica) at 40x magnification. Representative images were taken at 20x
magnification.

High-throughput 16S ribosomal RNA gene amplicon sequencing

Sequencing libraries for 16S ribosomal RNA (rRNA) gene amplicon sequencing were prepared in a two-step PCR as previously
described.® In brief, for 16S ribosomal RNA (rRNA) gene amplicon sequencing, V3-V4 regions were amplified in a first PCR (primer
341f, 5-CCT ACG GGN GGC WGC AG-3', and 785r, 5'-GAC TAC HVG GGT ATC TAA TCC-3’; both with overhangs). The second
PCR targets the overhangs and adds adapters to generate lllumina libraries. Fifteen cycles for each PCR were used. A MiSeq (lllu-
mina) with v3 cartridges (PE300) was used for amplicon sequencing.

Single cell sequencing

Isolated LPMCs were prepared in two batches for fluorescence-activated cell sorting (live CD45"CD3" cells; BD FACSAria lll)
and single cell analysis. Thawed LPMC suspensions were stained on ice with anti-CD45 (murine anti-CD45 PB450, clone T29/33,
DAKO, #PB986), anti-CD3 (murine anti-CD3 APC, clone UCHT1, Life Technologies, #17-0038-42), individual hashtag
oligos (HTOs; TotalSeq anti-human Hashtag antibodies) and propidium iodide (Pl). CD45*CD3*PI~ cells were sorted and
pooled based on different HTOs. We aimed for 5000-7000 cells per biopsy. The 10x Genomics protocol (Chromium Next GEM
Single Cell 5’ Reagent KitsKit, v2 Chemistry Dual Index) was followed as previously described’” for scRNA sequencing (20,000
reads/cell for gene expression libraries and 5,000 reads/cell for TCR libraries; lllumina 2 x 150 paired-end sequencing on a
NovaSeq 6000).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Each biopsy was treated as an individual data point. Unless otherwise stated, “N =" represents the number of patients and “n =" the
number of biopsies. Boxplots show the median and whiskers the range from min to max (Figure 1 and scRNA frequency results) or 1.5
times interquartile range (Bulk RNA and 16S rRNA gene sequencing). For analysis and the generation of plots, GraphPad Prism
Software v10.1.1 for Windows, Namco (v1.1) and R v4.3.2 were used. p-Values <0.05 were defined as significant with * <0.05,
**<0.01, ** <0.001, and **** <0.0001. Benjamini-Hochberg was used for correction unless stated otherwise. Detailed explanations
of statistical analysis are provided below for each section and in the figure legends.

RNA-seq analysis

Quality assessment of raw reads was carried out using FastQC (v0.11.9), followed by Trim Galore (v0.6.6) to remove low-quality
reads. The remaining high-quality reads were aligned to the human reference genome GRCh38 using STAR (v2.7.9a)°>" and quan-
tified using featureCounts (v2.0.2).°° Genes with a count lower than 5 were removed. DEseq?2 (v1.42.0°") was used to run variance
stabilizing transformation and to identify differentially expressed genes (DEGs) in pairwise comparisons (corrected for batch, loca-
tion, age at endoscopy [groups: <6, 6-12, and >12] and gender). DEGs were selected based on an absolute log2FC > 2, < —2 and p.
adj <0.05 (Benjamini-Hochberg corrected). Gene set enrichment analysis (GSEA) was performed using the R (v4.3.2) package clus-
terprofiler (v4.10.0).°® The Wald statistic computed by DESeq2 was used as ranking metric for the GSEA. Volcano plots were created
using the R package EnhancedVolcano (v1.20.0).°° To visualize the batch effect corrected data, we used the function removeBatch-
Effect from the limma package (v3.58.1) in R.%°

IHC analysis

Results were evaluated by a blinded pathologist using Aperio ImageScope (v12.4.6.5003), who scored expression intensity (0-3, for
absent, weak, moderate or strong) and the percentage of positive cells. The values were evaluated separately for the luminal epithe-
lium and the intestinal crypts.

High-throughput 16S ribosomal RNA gene amplicon analysis

FASTQ files were analyzed using IMNGS2 beta (https://www.imngs2.org/, last date accessed 06.03.2024), which is an improved
version of IMNGS.®" SILVA v138°° was used for taxonomic assignment. To mitigate the amount of spurious zOTUs, all zOTUs
with relative abundance below 0.25% across all samples and prevalence <10% were removed. Downstream analysis was performed
with Namco (v1.1, last access date April 2025)°® and Rhea.®* zOTU tables were subjected to centered log-ratio transformation to
account for compositionality. Taxa richness and Shannon effective number of zOTUs were used to describe alpha-diversity’* and
generalized UniFrac distances for beta-diversity.”> Relative abundance was used to show taxonomic profiles. The circular tree
(Figure 4B) was visualized using EvolView (www.evolgenius.info/evolview/, last date accessed: April 2025).%°

Single cell sequencing and analysis

Annotations were generated via cellranger v6.0.2 (10x Genomics) against the human reference genome GRCh38 (GENCODEv32
with Ensembl 98) and the associated VDJ reference genome. For scRNA analysis, we followed the Seurat vignette using Seurat
v4.1.0°¢ and filtered as follows: features that occurred in <3 cells and cells with <200 features were removed. We normalized the
RNA data with log normalization, then calculated and scaled the 2000 most variable genes, which were later used for PCA and visu-
alization. Centered log-ratio transformation was applied to the HTO assay data and then demultiplexed using MULTIseqDemux,
Seurats implementation of the method MULTI-seq.”® To ensure high quality data, we filtered for 10% mtDNA,”” removed cells which
had more than 4000 detected genes and those that were annotated as ‘negative’ or ‘doublet’ by the demultiplexing algorithm.

Since our data consisted of two separate runs, we performed data integration using reciprocal PCA (RPCA) for dimensionality
reduction and then applied the anchor-based approach’® implemented in the Seurat package. We identified clusters using the Lou-
vain algorithm”® implemented in the FindClusters Seurat method with a resolution of 0.7 (on the first 15 dimensions), based on a
shared nearest neighbor graph (determined by the FindNeighbors method). Clusters were consecutively numbered according to
quantity of cells, starting with highest amount in cluster 0 (8380 cells) to lowest number of cells in cluster 21 (129 cells). Sub-clustering
of cluster 5, 6 and 11 was performed using FindNeighbors and FindClusters with appropriate resolution to split individual filtered clus-
ters into two (cluster 5 and 6) or three (cluster 11) sub-clusters. The tree was generated using the BuildClusterTree function. Anno-
tation of clusters was based on known key markers of T cell subtypes and significant differences in gene expression. To determine
DEGs between clusters (p.adj <0.05; average-log2FC), we used the FindAllMarkers function (Seurat) and the MAST test v1.28.0°" to
incorporate confounding variables (“Location”, “Batch”, “Disease phenotype”) during the DEG testing.

For visualization and calculation, we used Seurat v4.1.0 in R v4.3.2. Boxplots were generated with GraphPad Prism Software
v10.1.1 for Windows and significance calculated by Kruskal-Wallis test followed by comparing mean ranks between individual col-
umns; p.adj-values <0.05 after correction for multiple testing were considered significant (Benjamini-Hochberg).

In addition to scRNA analysis, we performed TCR repertoire analysis of TCRs composed of alpha and beta chains. TCRs with a
missing alpha or beta chain were removed from analysis and we discarded any additional chains. The combination of complemen-
tarity determining region 3 (CDR3) nucleotide sequences from alpha and beta chains were defined as one clonotype. Expanded T cell
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clones were determined by the number of cells expressing a specific clonotype. In addition to the Seurat pipeline, we used scReper-
toire v1.11.0 to visualize the distribution of TCRs across activity groups and clusters.®®

Identification of a disease-associated correlation network

Pairwise Spearman’s correlation coefficients between single-cell clusters and bulk transcripts were computed. All coefficients, for
which the corresponding Benjamini-Hochberg corrected p-values were >0.05, were set to zero. The resulting correlation matrix
was used to generate the weighted adjacency matrix for the correlation network.

Inflammatory bowel residual disease (IBrD)

Based on the features extracted by the correlation network (Figure 5B), a Principal Component Analysis (PCA) was conducted. Sub-
sequently, the number of Principal Components (PCs) explaining 80% of the variance was computed and the respective number of
PCs were used as input for slingshot (v2.4.0)°° to compute a trajectory through the space of PCs and assign a pseudotime to each
sample. We define the inflammatory bowel residual disease (IBrD) values as the pseudotimes normalized to the interval [0,1], where
“1” represents high molecular activity and “0” no residual disease. To compute the IBrD signature values on the whole cohort (bulk
transcriptome; n = 127), all samples were scaled and centered with the mean and variance of the samples, which were initially used
for the feature selection (Figure 5C). Subsequently, we used the rotation matrix of the PCA from the original scoring to compute the
coordinates on the PCs for all new samples. We then projected the new samples onto the original slingshot trajectory using the proj-
ect_to_curve function from the princurve package (v2.1.6). The resulting pseudotime values are again normalized by the min/max
values from the original samples to obtain the final IBrD values.

Linear mixed model (LMM)

In Figure 5C (PCA) the following linear mixed model (LMM) was used to test for significant differences between IBD and non-IBD con-
trols and to control for location or treatment-specific influences, while also taking into account from which patient each sample orig-
inates:

PC ~ (intercept) + DiseaseStatus + AntiTNF + Location + (1|Patient)

where (1|Patient) indicates that patients were included as random effects, while disease status, location and anti-TNF treatment were
included as fixed effects. P-Values were computed with t-tests and Bonferroni-corrected over all principal components. A similar
LMM was performed to test for differences between CD and UC by including IBD phenotype (CD, UC) without non-IBD controls:

PC ~ (intercept) + DiseasePhenotype + AntiTNF + Location + (1|Patient).

ADDITIONAL RESOURCES

Our study is registered at the German Clinical Trials Register accession no. DRKS00013306, date registration 19.03.2018.
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